1. Introduction {#sec1}
===============

Regenerative therapy using cultured cell grafts has recently developed as a novel and promising technology for future therapeutics, with the history of regenerative therapy only tracing back to 1979 \[[@bib1]\]. In the early studies of establishing the primary culture, epidermal keratinocytes were cultured using keratinocyte culture media (e.g., DMEM and F-12 media), which were optimized by the addition of growth factors and hormones, such as epithelial growth factor (EGF) \[[@bib2]\] and cholera toxin \[[@bib3]\]. More than 10 years later, cell culture dish is immobilized with poly(*N*-isopropyl acrylamide) (PIPAAm), also known as thermo-responsive polymers, was developed, and this technology enabled cell adhesion to be controlled through temperature adjustments \[[@bib4]\]. Thereafter, several types of culturewares―dish, plate, and insert―have been also deveolped. With these advances, confluent cell layers can be harvested as a sheet without the use of any proteolytic enzyme \[[@bib5]\], and the harvested sheets retaining ECM proteins at a basal side are capable of adhering to human tissues/organs without suturing. Among the various types of cells, the cultured oral mucosal epithelial cell sheets prepared using the temperature responsive cell culture dish or insert have been used to treat esophagus \[[@bib6],[@bib7]\] and cornea \[[@bib8]\] in clinical settings. Although various cell sheets are largely expected to become established as a regenerative product and be used in the treatment of many patients, the precise fabrication procedure is not standardized.

As an example of the clinical applications, we recently successfully achieved transplantations of the oral mucosal epithelial cell sheets for 10 patients with accompanying transportation of these epithelial cell grafts over 7 h by airplane \[[@bib7]\]. In these clinical studies, we experienced that the patients' epithelial cell conditions varied widely and were sometimes unstable. Thus, the quality control of the epithelial cell grafts by stable and standardized protocol is recognized to be crucial. Therefore, based on this previous study, we herein present a step by step stable protocol for the fabrication of oral mucosal epithelial cell sheets. The protocol is comprised of three parts: preparations, primary culture, and quality check. A schematic diagram of the procedures outlined in this study is presented in [Fig. 1](#fig1){ref-type="fig"}.Fig. 1Schematic diagram of oral mucosal epithelial cell sheet fabrication. (a Primary culture procedure. (b) Media replacement procedure. (c) Quality check procedure.Fig. 1

2. Materials and methods {#sec2}
========================

2.1. Preparations {#sec2.1}
-----------------

This study was approved by the Ethical Committees and Internal Review Boards of Nagasaki University and Tokyo Women\'s Medical University. Approval for this clinical study by the Health, Labor and Welfare Ministry was obtained on March 29, 2013. Moreover, the patients were confirmed to be free from any infections of human immunodeficiency virus, human T-lymphotropic virus, syphilis, and hepatitis B and C virus, prior to blood collection and oral mucosal biopsy. The following procedure was performed in a biological safety cabinet in a GMP-grade cell culture room.

The preparation of the keratinocyte culture medium (KCM) is as follows; Dulbecco\'s modified Eagle\'s medium (DMEM; Sigma aldrich, MO, USA) and F-12 medium (Sigma aldrich) were mixed at a 3:1 ratio. The medium was supplemented with 3.3 mM [l]{.smallcaps}-glutamine solution (Sigma Aldrich), 84 μM gentamicin (Merck Sharp and Dohme, NJ, USA), 0.3 μM amphotericin B (Bristol-Myers Squibb, NY, USA), 0.25 μM hydrocortisone (Kowa, Nagoya, Japan), 140 mU/mL insulin (Lilly, IN, USA), 2.0 nM 3,3′,5-Triiodo-[l]{.smallcaps}-thyronine (MP Biomedicals, CA, USA), 1.0 nM cholera toxin (List Biological Laboratories, CA, USA), 0.2 μM recombinant hEGF (Higeta-Shoyu, Tokyo, Japan), 0.1 mM sulbactam, 0.2 mM ampicillin (Pfizer, NY, USA), and 14 μM streptomycin (Meiji Seika Pharma, Tokyo, Japan). The preparation of the transport medium is prepared from DMEM with antibiotics of 0.1 mM sulbactam, 14 μM streptomycin, and 1.1 μM amphotericin B (DMEM-AB).

Whole blood (100 mL) from each patient was carefully collected with a 21-gauge needle, and incubated at 37 °C for 1--2 h. After formation of blood clots, the sample was centrifuged at 1830×*g* for 10 min at room temperature. The supernatant as serum was collected and filtered into a new 50-mL centrifuge tube with a 0.2 μm-pore size polyether sulfone filter. The obtained serum was transported from Nagasaki to Tokyo by airplane at 4 °C, then added to KCM at a concentration of 5%.

2.2. Primary culture {#sec2.2}
--------------------

The patients' buccal mucosal tissues of 2.5--4.5 cm^2^ were biopsied using a scalpel under anesthesia \[[@bib9]\] and then washed in DMEM-AB. The tissue samples were then immersed briefly in povidone-iodine and dried for 2 min. The disinfected tissues were transported in DMEM-AB from Nagasaki to Tokyo by airplane at 4 °C. After transportation, the tissues were disinfected again by povidone-iodine twice and then the normality of the tissues were confirmed ([Fig. 2](#fig2){ref-type="fig"}a and b). Next, each tissue was cut into 5-mm cubes for effective enzymatic reactions ([Fig. 2](#fig2){ref-type="fig"}c); 1000 U/mL dispase (Wako, Osaka, Japan) was reacted with the tissue in a new 35-mm cell culture dish in a CO~2~-atmosphere controlled incubator at 37 °C for 2 h. After the incubation, the epithelial layers were separated from the connective tissue using two pairs of tweezers and then placed in fresh DMEM-AB ([Fig. 2](#fig2){ref-type="fig"}d). The epithelial tissues were transferred to the center of a new empty 35-mm cell culture dish and quickly cut into 1-mm cubes using small scissors ([Fig. 2](#fig2){ref-type="fig"}e), and 3 mL of trypsin--EDTA was added.Fig. 2Primary culture procedure. (a) Disinfection and washing of biopsied oral mucosal tissue. (b) Photograph of washed oral mucosal tissue in 35 mm dish. (c) Cutting of oral tissue into 5 mm cubes for dispase treatment. (d) Separation of epithelial layer from connective tissue. (e) Cutting of separated epithelial tissue into 1 mm cubes for trypsin--EDTA treatment. (f) 1000 μL micropipette tip with cutting down the tip at 0-mm long (Normal), 1-mm long, and 2-mm long. (g) Counting suspended cells. Seeding cells into thermo-responsive cell culture inserts at a density of 8 × 10^4^ viable cells/cm^2^.Fig. 2

Control of the trypsin--EDTA treatment in this step is quite crucial in fabrication of the stable, viable, and transplantable cell sheet for clinical therapy. Initially, the cubic pieces of tissues were incubated at 37 °C in a CO~2~-atmosphere controlled incubator for 10 min, and then the tissues were pipetted up and down for more than 10 times using a 1000 μL micropipette tip with cutting down the tip at 2-mm long. After sufficiently suspending the isolated individual cells from the digested tissues, an approximate 1-mL suspension was collected with the 2-mm cut tip and promptly transferred to a 15 mL centrifuge tube containing 1 mL of KCM-HS to stop trypsinization for avoiding unnecessary long exposure. Another 5 min trypsin--EDTA incubation―15 min in total―was conducted to the remaining tissues, and then the isolated cells were collected again after pipetting well with a 1 mm-cut micro pipette tip. This second sample was mixed with the first sample. After further incubating to completely digest the remaining tissues for another 10 min--20 min in total, the cell suspension was mixed with 2 mL of KCM-HS and then with the sample collected before. This stepwise collection with gradually extending the incubation time effectively works to avoid unnecessary long exposure of the isolated cells to trypsin--EDTA, and it is a key point to successfully fabricate a transplantable epithelial cell sheet with highly viable cells.

The whole mixed cell suspension was transferred to a new 15 mL centrifuge tube with a 40-μm cell strainer filtration and centrifuged at 270×*g* for 5 min at 4 °C ([Fig. 2](#fig2){ref-type="fig"}g). The supernatant was removed, KCM was added, and cell numbers and viability were assessed by trypan blue assay. Cells were seeded on each temperature responsive cell culture insert of a 6-well type at a density of 8 × 10^4^ viable cells/cm^2^.

Media changes were performed on days 5, 8, 10, 12, 13, 14, 15, and 16 post-isolation. The new media for the medium change was pre-warmed at 37 °C, and medium change was performed on a glass thermo-plate (Tokai-hit, Shizuoka, Japan) to avoid unexpected detachment due to fall of temperature.

2.3. Quality check {#sec2.3}
------------------

To check contamination of culture, we performed polymerase chain reaction (PCR) or loop-mediated isothermal amplification (LAMP), and cultivation method for *M. pneumoniae*; Limulus colorimetric tests for endotoxin; and sterility test using the media used for epithelial cell culture.

One sample was used to examine three quality check tests on day 14: number, viability, and purity. Others were utilized for transplantation. To harvest these epithelial cells as cell sheets, the inserts were incubated at 20 °C for 30 min. Both surfaces of the insert membrane were washed three times using HBSS (Sigma aldrich), and then, cells were carefully detached from the edge to the center. Because the cells also stuck to the PIPAAm-unimmobilized interspace of insert membrane―frame joints―and the cells could not spontaneously detach, we dragged out by sharp tweezers ([Fig. 3](#fig3){ref-type="fig"}a). In this process, we used sharp tweezers only when handling edge of the cell sheet and obtuse tweezers were used for pinching the sheet center ([Fig. 3](#fig3){ref-type="fig"}b).Fig. 3Harvesting an oral mucosal epithelial cell sheet and pre-treatment for quality check. (a) Scratching the edge of confluent cells using sharp tweezers. (b) Completely detaching confluent cells as a cell sheet using obtuse tweezers. (c) After trypsin treatment, separated cells were investigated for number, viability, and keratin positive ratio.Fig. 3

To check cell number and viability, 1 mL of trypsin--EDTA was added to the harvested cell sheet for dispersing into individual cells ([Fig. 3](#fig3){ref-type="fig"}c), and incubated for 10--15 min at 37 °C. After the cell suspension was obtained, trypsin reaction was stopped by 1 mL of KCM-HS. The cell suspension was transferred to a new 15 mL centrifuge tube, filtered using a 40-μm cell strainer, and then centrifuged at 270×*g* for 5 min at 4 °C. The supernatant was removed, KCM was added to the pellet, and live cell numbers were counted using trypan blue staining. For cell sheet preparation, 1.0 × 10^5^ cells per cell sheet with more than 70% viability were set to be at least required.

Cell purity analysis was performed using the same cell suspension and BD Cytofix/Cytoperm™ Kit. Procedure of washings are described as follows; the cell suspension were treated with the washing buffer, and centrifuged at 270×*g* for 5 min at 4 °C. Then, the supernatant was removed. This washing procedure was performed twice. Next, 250 μL of fixation solution was added with pipetting gently, and the mixed cell suspension was incubated for 20 min at 4 °C. Thereafter, washing procedure and collection of the cell pellet were performed once again for effective reaction with antibodies as follows. Another 200 μL of washing buffer was added and the cell suspensions were equally divided into two different 1.5 mL centrifuge tubes in order to analyze both cytokeratin and isotype control. Anti-keratin type II FITC mouse monoclonal antibody (Ks pan1-8, Progen, Heidelberg, Germany) or normal mouse IgG1-FITC antibody solution (Progen) was added to the cell suspension at a ratio of 1/20 (5 μL). Samples were incubated at room temperature for 60 min in an opaque container. Cell suspensions were washed and centrifuged twice at 2300×*g* for 10 min at 4 °C. The cell suspensions were filtered with a 40-μm cell strainer and transferred to a new flow-cytometer tube. The ratio of the keratin positive cells was analyzed using a flow cytometer (Gallios®, Beckman Coulter, CA, USA), and the value more than 70% was set to be at least required.

3. Results {#sec3}
==========

3.1. Preparations for primary culture {#sec3.1}
-------------------------------------

Reliability as a stable protocol of this study is evidenced by the successful cell-sheet transplantation therapy on the post-ESD esophagus (n = 10) \[[@bib7]\]. For preparing the culture media, the serum separated from the patient\'s blood is required. At first, we performed transportation of a whole blood sample from Nagasaki to Tokyo by airplane at 4 °C as a pre-clinical study. However, because hemolysis was observed in this pre-clinical study, we changed the procedure, and the serum was collected before transportation for establishing a stable protocol (data not shown). In this modified procedure, the serum was reproducibly collected from approximately 40% of the total blood volume ([Table 1](#tbl1){ref-type="table"}). As 3 mL of serum is required for preparing a cell sheet, 10 cell sheets can be fabricated when 100 mL of blood is collected. These serum samples were successfully transported, and we also succeeded in transporting buccal mucosal tissue without damage and contamination.Table 1Preparation of serum from human blood.Table 1Withdrawn blood (mL)Serum (mL)Case 1100.043.3Case 2100.045.0Case 3120.043.5Case 4120.042.5Case 5120.037.0Case 6120.041.2Case 7100.037.8Case 8200.092.3Case 9120.050.0Case 10120.046.0

3.2. Primary culture {#sec3.2}
--------------------

From approximately 140 mm^2^ of patient oral mucosal tissue, more than 1.0 × 10^6^ oral mucosal epithelial cells with high viability were obtained by trypsinization ([Table 2](#tbl2){ref-type="table"}). These cells adhered and proliferated well on a temperature responsive insert and reached approximately 40% confluency at day 5 ([Fig. 4](#fig4){ref-type="fig"}a). Limulus colorimetric test revealed that endotoxin levels were kept under 1.0 EU/mL (n = 10). Both PCR and culture experiments for detecting *M. pneumoniae* showed negative results (n = 10) \[[@bib7]\]. In addition, bacteria and fungi were also negative by three types of agar culture. Altogether, we successfully cultivated oral mucosal epithelial cells without contamination. Seeded oral mucosal cells reached confluence after 8 days of culture. Moreover, after the cells became confluent, stratification was observed using phase-contrast microscopy at day 16 ([Fig. 4](#fig4){ref-type="fig"}a).Table 2Conditions of primary oral mucosal epithelial cells for cell sheet preparation.Table 2Viable cell count (cells)Total cell count (cells)Viability (%)Number of cell sheetsCase 12.27 × 10^6^ cells2.42 × 10^6^ cells93.6%8 insertsCase 23.04 × 10^6^ cells3.15 × 10^6^ cells96.3%9 insertsCase 31.91 × 10^6^ cells2.14 × 10^6^ cells88.8%6 insertsCase 42.95 × 10^6^ cells3.00 × 10^6^ cells98.1%9 insertsCase 52.81 × 10^6^ cells2.92 × 10^6^ cells96.3%9 insertsCase 64.99 × 10^6^ cells5.54 × 10^6^ cells90.1%13 insertsCase 74.04 × 10^6^ cells4.10 × 10^6^ cells98.7%11 insertsCase 86.90 × 10^6^ cells7.56 × 10^6^ cells91.2%17 insertsCase 91.85 × 10^6^ cells1.92 × 10^6^ cells96.0%6 insertsCase 103.24 × 10^6^ cells3.56 × 10^6^ cells92.0%10 insertsFig. 4(a) Observation of cell morphology and proliferation using phase-contrast microscopy ( × 100). (b) A whole image of the oral mucosal epithelial cell sheet. (c) Flow cytometry analysis showing that a cell sheet was composed of 99% cytokeratin positive cells.Fig. 4

3.3. Quality check {#sec3.3}
------------------

At 14 days of culture, epithelial cells could be detached as oral mucosal cell sheets with tweezers ([Fig. 3](#fig3){ref-type="fig"}b). Fabricated cell sheets (1.0 × 10^5^ cells/sheet) retained many viable cells (over 90%) and almost all these cells were cytokeratin-positive (over 80% based on all cells in a cell sheet, [Fig. 4](#fig4){ref-type="fig"}c, and described in our previous article \[[@bib7]\]).

We could not find any abnormalities in cell sheets prior to clinical trial usage, even after airplane transportation. In the clinical trial, we performed a complete perimeter or semiperimeter ESD of the esophagus and then transplanted several cell sheets on the ESD wound bed. As a result, no complications were noted in all 10 patients \[[@bib7]\]. Moreover, cell sheet transplantation was effective in promoting wound healing and preventing esophageal stricture \[[@bib6],[@bib10]\].

4. Discussion {#sec4}
=============

Cultured oral mucosal epithelial grafts have been used in clinical settings for treatment of the cornea \[[@bib11], [@bib12], [@bib13]\], skin \[[@bib14]\], and intraoral cavity \[[@bib14], [@bib15], [@bib16]\], suggesting that the cell sheets can be applied for regenerative therapy for many tissues. In particular, we succeeded to prevent esophageal stricture after ESD by transplanting the oral mucosal epithelial cell sheet to the wound beds \[[@bib6]\]. The first-in-human study was successfully conducted in a single institution of Tokyo Women\'s Medical University, and then we expanded the study as an inter-institutional clinical trials, which included transportation of patients' tissues as the sources of cells and the cell sheet products between Tokyo and Nagasaki. In the inter-institutional clinical trials, we experienced contamination of *Candida albicans*, and thus we optimized the amphotericin B concentration of the transport medium \[[@bib17]\].

After transportation of the source tissue, epithelial cells must be separated and collected with high viability for preparation of cell sheet. A stable protocol is required to be established for this purpose. There are some methods to collect epithelial cells: the two step enzymatic treatments using dispase and trypsin \[[@bib18]\], normal trypsin EDTA treatment \[[@bib19],[@bib20]\], and the explant culture method \[[@bib21]\]. A key point in cell collection is a short-time exposure to enzyme and reagent, because, for example, long time trypsin EDTA treatments induce damage of cell membranes \[[@bib22], [@bib23], [@bib24], [@bib25]\]. Therefore, we developed a new technique by combining the trypsin--EDTA treatment and the multi-step process with changing the exposure time. Our idea is to isolate cells first from the basal layer of an epithelial tissue, where the cells have a higher proliferation ability \[[@bib8],[@bib26]\] and the cell--cell junctions are relatively week \[[@bib27]\].Therefore, we can isolate and collect the highly active cells with short exposure time of early stage of trypsin EDTA treatment. In the experiment, we conducted three-step treatment. The cells isolated from the tissue were transferred to KCM solution to stop trypsin digestion by three-stage reaction times, 10 min, 15 min, and 20 min. In 10 min, the cells in basal layer could be obtained. However, indeed, it was difficult to collect cells by pipetting because some cell clusters were larger than the diameter of 1000 μL pipette tips. Thus, we used specially cut 1000 μL pipette tips to suspend and collect supernatant where suspended cells existed ([Fig. 2](#fig2){ref-type="fig"}f). After this first stage, we collected other suspended cell fractions in the stages of 15-min and 20-min reaction time. These fractions should contain the cells from the upper layer, where the cell--cell junctions are strong, and extended reaction times are inevitably required for isolation. Our new technique allows the collection of isolated epithelial cells from basal layer and upper layer of the tissue respectively with minimum trypsin incubation ([Fig. 2](#fig2){ref-type="fig"}), and this process is particularly important for fabricating cell sheets of all types of epithelial tissues. Using this method, we succeeded in stably and reproducibly making oral mucosal epithelial cells confluent for preparing the sheet grafts for transplantation therapy of 10 patients.

Even though human oral mucosal epithelial cell sheets have strong adhesion properties and are not easily harvested as a whole cell sheet from the temperature-responsive cell culture surfaces by just lowing the temperature, a part of cells within the sheet were detached \[[@bib5]\]. Therefore, strict temperature control is necessary to avoid partial cell loss before forming and harvesting a complete sheet, and we used pre-warmed new media and performed medium changes on thermo-plate ([Fig. 1](#fig1){ref-type="fig"}b). Moreover, because culture medium in the well below the insert membrane is supplied to the cells from the basal side and crucial to maintain the cells rather than the medium in the insert-cup, where the cells were immersed. Therefore, a bottom surface of the membrane must not be dried, and we first prepared another new 6-well plate supplied with media, and then moved the insert to this new plate. After 2 weeks of primary culture, we observed stratification of cells ([Fig. 4](#fig4){ref-type="fig"}a), which was a reliable indication of formation of a stratified squamous epithelial cell sheet with sufficient cell--cell interaction. Indeed, cell sheets were successfully peeled off within 10 min without any rupture ([Fig. 4](#fig4){ref-type="fig"}b).

There have been published papers on the methods of fabricating oral mucosal cell sheets: temperature responsive cell culture insert without feeder cells \[[@bib28]\], temperature responsive cell culture insert with feeder cells \[[@bib8]\], and conventional cell culture dish with feeder cells \[[@bib1]\]. These studies simply outlined the procedures of cell sheet fabrication―cell isolation, medium change, and harvesting cell sheet . However, more precise protocol is crucial and effective to successfully fabricate the cell sheet with high quality for clinical use. Therefore, in this study, the precise protocol was described: collecting and seeding cells which have high proliferative potential, keeping stable temperature during medium change, the way of harvesting cell sheet, and these sequential procedures We believe that our precise protocol is useful for expanding the clinical therapies using the cell sheets and contribute largely to the future development of regenerative medicine.

5. Conclusion {#sec5}
=============

The epithelial cell sheet has significant potential as a transplantation graft in clinical therapy. The stable protocol that we established and standardized in this study is suitable for culturing grafts for clinical usage, and it would contribute to the fabrication of various types of the epithelial cell sheets other than oral mucosal epithelial cell grafts for future advances in regenerative therapy.
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